Triazoloacridone C-1305 is a novel inhibitor of DNA topoisomerase II, which exhibits potent antitumor activity toward solid tumors. In this study, antiproliferative action of C-1305 and its close analog C-1533 was investigated in nontransformed mouse fibroblasts and two mutant cell lines in which the PARP-1 gene was specifically disrupted. Unexpectedly, C-1305 very strongly affected proliferation of cells lacking poly(ADPribose) polymerase-1 (PARP-1), whereas the action of less active compound C-1533 toward normal and PARP-1-negative cells was comparable. The IC 50 concentration of C-1305 determined for PARP-1 knockout cells was ϳ150-fold lower than that determined for cells with functional PARP-1. Both studied triazoloacridones exhibited very low direct cytotoxicity as evidenced by accumulation of 7-amino-actinomycin D, and only low levels of apoptosis were observed after a 24-h exposure to studied drugs. Analysis of DNA damage induced by C-1305 by the Comet assay showed that this drug induced very low levels of DNA strand breaks. C-1305 strongly affected cell cycle progression in normal and PARP-1 mutant cells and arrested both cell types in G 2 -M phase. However, the G 2 -M arrest induced by C-1305 was greatly prolonged in PARP-1-deficient cells as compared with normal fibroblasts. Together, these results show that mouse cells lacking PARP-1 are extremely sensitive to C-1305, a new topoisomerase II inhibitor. This is in striking contrast with previous reports in which PARP-1-deficient cells were shown to be resistant to classical topoisomerase II inhibitors. Our data also suggest that the PARP-1 status might be essential for the maintenance of the G 2 arrest induced by C-1305.
INTRODUCTION
Type II DNA topoisomerase is a molecular target of many antitumor drugs used in the treatment of human cancers. DNA topoisomerase II is a nuclear enzyme, which regulates the topology of DNA during replication and transcription (reviewed in Ref. 1 ). This enzyme plays also an important role in chromatin condensation and segregation of chromosomes during mitosis. In mammalian cells, two topoisomerase II isoforms are present, topoisomerase ␣ and ␤, but despite a high homology of the primary structure (2), both isoforms are differently expressed during the cell cycle and show different subcellular localization. In contrast to isoform ␤, the levels of which are relatively constant over the cell cycle, the isoform ␣ is expressed in a cell cycle-and proliferation-dependent fashion (3) .
Triazoloacridones are a group of antitumor acridines synthesized and developed at the Gdańsk University of Technology. These compounds exhibit very potent cytotoxic activity toward malignant cells in vitro and a strong cytostatic effect against solid tumors in nude mice (4, 5) . The mechanism of action of triazoloacridones is currently under active investigation and recent studies have shown that these compounds inhibit the catalytic activity of DNA topoisomerase II in vitro and in tumor cells. 4 Other studies showed that biologically active triazoloacridones undergo metabolic activation in tumor cells and covalently bind to DNA (6) . Triazoloacridones have been shown to induce cell cycle arrest in G 2 phase and cell death by apoptosis in several different human tumor cell lines (7, 8) ; however, the mechanism of the G 2 arrest and apoptosis induced by triazoloacridones has not yet been identified.
Poly(ADP-ribose) polymerase-1 (PARP-1), the first described member of a growing gene family (9) , is a sensitive sensor of DNA damage (10, 11) . This enzyme, which is strongly activated by DNA strand breaks, has important functions in DNA repair as well as in the maintenance of genome stability. PARP-1 also plays a key role in the initiation of cell death induced by different stimuli (12) . The important role of PARP-1 in base excision repair and cell death led to the development of new highly specific strategies to inactivate PARP-1, which made it possible to test the effect of PARP-1 inhibition on the therapeutic effects of anticancer drugs. Inhibition of PARP-1 activity has been shown to potentiate the cytoxic effect of ionizing radiation, DNA methylating agents, oxidative damage, and topoisomerase I inhibitors (13, 14) . In contrast to hypersensitivity of cells with decreased PARP-1 activity to drugs targeting topoisomerase I, these cells are resistant to topoisomerase II inhibitors such as etoposide or doxorubicin (11, 13, 15) . These observations prompted us to investigate the effect of PARP-1 inactivation on the cytotoxic action of triazoloacridone C-1305, the new topoisomerase II inhibitor with unusual activity toward solid tumors.
In this study, we evaluated the biological effects induced by two close analogs of triazoloacridone with different biological activities in normal mouse fibroblasts and two cell sublines in which PARP-1 gene was specifically disrupted by homologous recombination (16) . We showed that cells lacking functional PARP-1 are extremely sensitive to the biologically active triazoloacridone compound, C-1305. The increased sensitivity of PARP-1 knockout (KO) cells to C-1305 is specific for this derivative, because another triazoloacridone, compound C-1533, with low biological activity as well as the classical DNA topoisomerase II inhibitor, amsacrine (m-AMSA), affected mouse cells independent of their intrinsic PARP-1 status.
MATERIALS AND METHODS
Cells. Mice lacking PARP-1 were generated by homologous recombination (16) . Immortalized mouse embryo fibroblasts (MEF) were obtained from PARP-1 ϩ/ϩ (A-19) and from PARP-1 Ϫ/Ϫ (A-11 and A-12) mice. Cells were grown in DMEM supplemented with 10% FCS at 37°C in an atmosphere of 8% CO 2 . Human osteosarcoma Saos-2 cells, human leukemia HL-60 cells, and human breast carcinoma MCF-cells were used as positive controls and were maintained as described earlier (17) .
Drugs and Chemicals. Two structurally related triazoloacridone compounds, C-1305 and C-1533, and the reference compound, m-AMSA, were examined in this study. Triazoloacridones were synthesized at the Department of Pharmaceutical Technology and Biochemistry (Gdańsk University of Technology) by Dr. Barbara Horowska. m-AMSA, hydroxyurea, and nocodazole were from Sigma Co. (St. Louis, MO), and etoposide (VP-16) was from Calbiochem-Novabiochem (La Jolla, CA). Stock solutions of triazoloacridones (free bases) were prepared in 0.2% lactic acid, and m-AMSA, VP-16, and nocodazole were dissolved as a stock solution in DMSO. All of the drugs were stored at Ϫ20°C until use.
Antibodies. We used the following antibodies: monoclonal anti-p53 antibodies PAb421 (Ab-1) directed against an epitope within the COOH terminus of the mouse protein, monoclonal anti-PARP-1 antibodies (C-2-10), and monoclonal anti-MCM7 (clone DCS141.2) were from Oncogene Research Products (Cambridge, MA). Polyclonal antibodies against phospho-cdc-2 (Thr161), phosphocdk-2 (Thr160), and monoclonal anti-phospho-cdc25C phosphatase (Ser216) antibodies (clone 9D1) were from Cell Signaling Technology Inc. (Beverly, MA). Polyclonal antibodies against phospho-cdc-2 (Thr14/Tyr15) were from Sigma Co. Antibodies against cdc-2 and cdc25C phosphatase (clone TC-15) were from Upstate Biotechnology (Lake Placid, NY). Monoclonal anti-cdk-2 antibodies (2B6 ϩ 8D4) were from NeoMarkers Inc. (Fremont, CA). Anti-p16 (clone G175-1239) and anti-p27Kip1 (clone G-173-524) were obtained from BD PharMingen (San Diego, CA). Anti-cyclin E antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Monoclonal M30-CytoDEATH antibodies coupled to fluorescein and recognizing the caspase-3 cleaved cytokeratin 18 were from Roche (Vienna, Austria). Monoclonal anti-actin (clone C4) antibodies were from ICN Biochemicals (Aurora, OH). Appropriate secondary antibodies linked to horseradish peroxidase or fluorochromes (Cy-2 and Cy-3) were from Amersham International (Little Chalfont, Buckinghamshire, United Kingdom). The secondary antibodies, especially those used for double immunostaining, were prepared from monospecific antiserum by immunoaffinity chromatography followed by multiple solid-phase absorptions to eliminate possible cross-reactivity.
Drug Cytotoxicity in Vitro. The effect of studied compounds on cell proliferation was determined using a CellTiter-Glo Luminescent Cell Viability assay (Promega Corporation, Madison, WI), which is based on quantification of the ATP level and was described recently in more detail (18) . Luminescent signal was measured in the Wallac 1420 Victor, a multilabel, multitask plate counter. Each point represents the mean Ϯ SD (bars) of seven values from one representative experiment. The IC 50 values were assessed as a mean from six independent experiments.
To discriminate between initial cell killing and inhibition of cell proliferation, we measured additionally cell killing at the end of drug exposure. Furthermore, the direct cytotoxicity of studied drugs was assessed by dye exclusion test (17) . Cells were continuously treated by studied compounds at final concentrations of 1 M and 5 M for 12 h and 24 h. At the end of drug treatment, cellular morphology and the adherence of cells were evaluated under phase contrast microscopy (Eclipse TE300 inverted microscope; Nikon Corporation, Tokyo, Japan), and then cells were collected. The adherent cells were detached by trypsin or by accutase treatment (PAA Laboratories, GmbH, Coelbe, Germany), and all of the cells were washed with PBS. Trypan blue dye or the vital dye 7-amino-actinomycin D (7-AAD; BD Biosciences, San Diego, CA) appropriately diluted with PBS were added, and after 10 min the accumulation of dyes was evaluated under microscopy. Additionally, an accumulation of the 7-AAD fluorescent dye was quantified by flow cytometry using a fluorescence activated cell sorter FACScan cytometer (Becton Dickinson).
Incorporation of [ 3 H]Thymidine.
To assess the effect of drugs on DNA synthesis in cells progressing through the S phase, incorporation of [ 3 H]thymidine was determined as described previously (18) .
Analysis of DNA Content in Cells by Flow Cytometry. The measurement of DNA content in propidium iodide-stained nuclei was performed by flow cytometry as described previously (19) . The stained cells were analyzed using a FACScan cytometer (Becton Dickinson).
Comet Assay. The generation of DNA strand breaks was assessed by the single cell gel electrophoresis assay performed under alkaline conditions (20) . The experiments were carried out according to the guidelines published by Tice et al. (20) as described previously (21) . Untreated control mouse fibroblasts and cells exposed to 1 M and 5 M of each triazoloacridone for 24 h were harvested, washed in PBS, and the viability of cells was determined using the trypan blue exclusion test. Only samples exhibiting a viability of at least 80% were used for additional analysis. Cell suspensions (1 ϫ 10 5 cells) were mixed with LMP agarose and spread on agarose-precoated slides. After electrophoresis, slides were neutralized and stained with propidium iodide (20 g/ml). For each experimental point at least three different cultures were analyzed, and 50 cells were evaluated from each culture. Comet tail length (m) and tail moment were measured under a fluorescence microscope (Nikon model 027012) using an automated image analysis system based on a public domain NIH image program (22) . Detection of Apoptotic Changes in Individual Cells. Cells grown in 35-mm Petri dishes were treated with triazoloacridone compounds or with VP-16 for the indicated time periods, washed three times in PBS, and immediately fixed in ice-cold methanol for 20 min and washed in PBS, saturated in 5% BSA in PBS for 1 h. Cell samples were subsequently incubated for 1 h with fluorescein-conjugated M30-CytoDEATH monoclonal antibodies (Roche), which recognize only caspase-3 cleaved cytokeratin 18, and extensively washed in PBS (23) . Air-dried preparations were covered with the mounting medium containing 4Ј,6-diamidino-2-phenylindole and inspected under the fluorescence microscope (Eclipse TE300 inverted microscope; Nikon Corporation). The activity of caspases 3/7 in culture medium and in cells was quantified using the APO-ONE homogenous caspase 3/7 Assay (Promega) as described previously (24) . This test uses the profluorescent caspase-3/7 substrate rhodamine 110, bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide; Z-DEVD-R110), which upon cleavage by caspases 3/7 and excitation at 499 nm, becomes intensely fluorescent.
For evaluation of nuclear morphology, cells were fixed in 3.7% paraformaldehyde in PBS and stained with Hoechst 33258 dissolved in PBS at a final concentration of 1.5 g/ml. Preparations were then washed 4 times, air-dried, and analyzed by fluorescence microscopy.
Electrophoretic Separation of Proteins and Immunoblotting. Total cellular proteins or proteins of the distinct subcellular fractions dissolved in SDS sample buffer were separated on 10% or 15% SDS slab gels and transferred electrophoretically onto polyvinylidene difluoride membrane (Amersham International). Protein transfer and equal protein loading was confirmed by Ponceau S staining. Blots were incubated with specific primary antibodies at appropriate final dilutions, and the immune complexes were detected using corresponding peroxidase-conjugated secondary antibodies and enhanced chemiluminescent detection reagent ECLϩ (Amersham International) as described (17, 18) .
RESULTS

Strong Inhibition of Cell Proliferation by C-1305.
First, we evaluated the cell proliferation of different cell lines in the absence of drugs. We observed that within 24 h the number of normal cells as well as of PARP-1-deficient cells increased ϳ2-fold. The number of normal cells increased by a factor of 1.9 and PARP-1 KO cells by a factor of 2.2 thereby indicating that under the experimental conditions used the kinetics of cell proliferation for all of the studied cell lines is comparable.
We then determined the inhibitory effect of studied drugs toward nontransformed mouse fibroblasts by cell proliferation test using CellTiter-Glo Assay. The proliferation of mouse fibroblasts was strongly inhibited by C-1305 and by m-AMSA, whereas C-1533, a compound closely related to C-1305, exhibited a markedly weaker effect (Fig. 1A) . Remarkably, comparison of the IC 50 values revealed that PARP-1-deficient cells were extremely sensitive to the antiproliferative action of C-1305 (Fig. 1B) , and a 150-fold lower concentration was required to inhibit proliferation of PARP-1 KO cells than that needed to inhibit proliferation of cells with functional PARP-1 gene. Another acridine drug and classical topoisomerase II inhibitor, m-AMSA, was only ϳ10-fold more cytotoxic toward mouse cells lacking PARP-1 than toward the normal counterparts. The IC 50 values for mutant and normal mouse cells were at 0.1 M and 1.2 M, respectively.
To determine the initial cell killing, we additionally measured the number of viable cells after a 24-h drug treatment by CellTiter-Glo Assay. As illustrated in Fig. 1C , the exposure of normal mouse cells to C-1305 for 24 h at final concentrations of up to 2 M did not appreciably diminish the number of viable cells. However, the exposure of PARP-1 KO cells to the drug at a final concentration of 2 M reduced the numbers of living cells by ϳ30%.
Low Direct Cytotoxicity of the Triazoloacridone Agent C-1305. It is widely known that some topoisomerase poisons, such as m-AMSA, are cytotoxic. Therefore, we performed the dye exclusion tests to determine the direct cytotoxicity of the studied agents on mouse fibroblasts. Viable cells with intact membranes exclude vital dyes such as trypan blue or 7-AAD, whereas the membranes of heavily damaged or dead cells become permeable to these dyes, which can be quantified by flow cytometry. In untreated control cultures, the fluorescent dye 7-AAD was accumulated in ϳ5% cells (Fig. 2) . Surprisingly, the viability of untreated A-11 mutant cells was reduced and, therefore, it was difficult to evaluate the cytotoxic effects of studied drugs. However, A-11 mutant cells tightly adhered to the substratum, and longer trypsin treatment was necessary to detach these cells compared with the other two cell lines, i.e., parental cells and A-12 mutant. Therefore, in the next series of experiments all of the cells were harvested by accutase. As illustrated in Fig. 2 (bottom) , the cell membrane remained intact in ϳ98% of untreated mutant cells harvested by accutase. Exposure of PARP-1-deficient mouse cells to 1 and 5 M C-1305 for 12 h and 24 h only slightly increased the number of 7-AAD-positive cells (Fig. 2) , and no marked difference was observed to the viability of all cells exposed to C-1533. The viability of normal mouse cells harvested by accutase action was more affected by C-1305.
The reference compound, m-AMSA, at a final concentration of 5 M showed stronger direct cytotoxic effect and impaired the integrity of plasma membrane of about 15-20% of the parental cells. A-12 mutant cells were more sensitive to m-AMSA, and in some experiments up to 25% of cells accumulated 7-AAD after 24-h treatment with the same drug concentration. Together, these results indicate that the potent antiproliferative action of C-1305 on PARP-1-deficient mouse fibroblasts is not attributable to its high direct cytotoxicity. Weak Proapoptotic Action of C-1305 on Mouse Cells. In the next series of experiments, we examined whether the mouse cells exposed to C-1305 die by apoptosis. First, we inspected under phase contrast microscopy the morphology of MEFs treated with 1 M and 5 M C-1305 for 24 h and compared with cells exposed to 1 M m-AMSA for 24 h. MEF cells exposed to both concentrations of C-1305 for 24 h did not detach, and cell morphology remained apparently unchanged. Solely the reduction of the cell density in Petri dishes exposed to the drug became evident due to the strong antiproliferative effect of this compound. In contrast, a lot of cells treated with m-AMSA shrunk and detached from the substratum. Additional microscopy analysis of cell cultures stained with Hoechst fluorochrome revealed an occurrence of a number of mitotic cells as well as occasional apoptotic cells with fragmented and condensed nuclei (Ͻ1% of all cells) in untreated controls (Fig. 3) . The exposure of MEFs to C-1305 at concentrations 5-25-fold exceeding the IC 50 values induced apoptosis only in a low number of cells (Fig. 3) . Moreover, the analysis of DNA histograms obtained after treatment with C-1305 for 24 h revealed the lack of a sub-G 1 cell population characteristic for apoptotic cells with fractional DNA content. This 
could not be attributed to the induction of apoptosis. In contrast, analysis of cell cultures exposed to m-AMSA showed a number of cells with morphological features characteristic for apoptosis such as condensed or fragmented chromatin. No substantial difference in the apoptosis rate was detected between mutant and wild-type (wt) cells treated with all of the studied drugs. We then determined the total caspase-3/7 activity in the culture medium as well as in the total cell lysates from cell cultures exposed to studied drugs. At the end of drug treatment, microtiter plates were gently centrifuged to spun down all of the floating cells, and then the culture medium was collected. The basal activity of caspase-3/7 detected in culture medium (data not shown) as well as in cell lysates (Fig. 4) did not increase after 24-h exposure of cells to C-1305. However, the treatment of mouse fibroblasts with 1 M of m-AMSA for 24 h resulted in an increase of caspase-3/7 activity in cells lacking PARP-1. These quantitative results complete and further substantiate our observations that C-1305 even at a final concentration of 5 M induced only low incidence of apoptosis in drug-treated cells. These observations were consistent with the determination of caspase-3-mediated cytokeratin 18 cleavage by CytoDEATH antibody (data not shown).
Low DNA Damaging Activity of C-1305. To assess the DNA damaging activity of C-1305, we performed a single cell electrophoretic analysis (the Comet assay). The levels of DNA damage were quantified by determination of tail length (in m) and tail moment according to international recommendations (20, 22) . Mouse cells were exposed to three studied acridines for 24 h at final concentrations of 1 M and 5 M. C-1533 did not produce Comets as compared with untreated controls (Fig. 5) thereby additionally substantiating the low toxicity of this agent. C-1305 at a final concentration of 1 M resulted in low levels of DNA damage in all of the studied cells, and the ϳ2-fold increase of tail length was not statistically significant as compared with untreated controls. After exposure of MEFs to a 5-fold (Fig. 5) . Comparison of the levels of DNA damage induced by C-1305 and two reference compounds, m-AMSA and VP-16, showed that C-1305 induced lower levels of DNA strand breaks than the latter agents. Remarkably, the level of DNA strand breaks generated in normal mouse cells by C-1305 and VP-16 was clearly higher than in PARP-1-deficient cells; however, this difference was not statistically significant. In contrast, treatment of mouse cells with m-AMSA generated a strong DNA damage in both types of mouse cells. As shown in Fig. 5 , m-AMSA-treated mouse cells generated Comets and tail length, and tail moment after a 24-h incubation at 1 M m-AMSA increased ϳ7-fold as compared with untreated controls. Statistical analysis performed with the oneway ANOVA nonparametric Bonferroni test revealed that this increase was highly statistically significant. These results unequivocally show that m-AMSA, but not C-1305, generated in MEFs high levels of DNA damage, even at low drug concentrations. Taken together, the above results evidence that strong antiproliferative action of C-1305 toward PARP-1-deficient cells could not be attributed to its higher DNA damaging activity in mutant cells.
Inhibition of the Cell Cycle Progression by C-1305.
Cell cycle analysis revealed different effects of studied drugs on the cell cycle progression in mouse fibroblasts exposed to triazoloacridones for 12 and 24 h. As illustrated in Fig. 6 , cells treated with C-1305 arrested in G 2 -M phase of the cell cycle, and an effective accumulation of G 2 -M cells became evident after continuous exposure of the cells to the drug for 12 h. Comparison of the effect of the C-1305 on the population of cells in S and G 2 phases revealed differences in the kinetics of the changes of these two populations between normal and mutant cells. In response to the drug, the G 2 to S ratio increased rapidly in both mutant and normal cells and reached similar levels after 12 h. However, after exposure of the cells to the drug for an additional 12 h, this ratio remained elevated in normal mouse cells, whereas in PARP-1 KO cells the ratio additionally increased several fold. This observation indicates that normal mouse cells were transiently arrested in G 2 -M phase, but a substantial fraction of cells remained in S phase, whereas the mutant cells were blocked permanently in G 2 -M, and the population of S-phase cells was barely detectable. Considering the fact that the determination of the DNA content by flow cytometric measurement of propidium iodide-stained cells does not allow for discrimination between G 2 -arrested and mitotic cells, we examined by fluorescence microscopy cells stained by Hoechst fluorochrome. After exposure for 24 h to 1 M C-1305, the PARP-1 KO cells became very heterogeneous in size (Fig. 3) , and the majority of cells showed markedly enlarged nuclei. Only a low number of apoptotic cells was detected, and very few mitoses were observed in mutant cell preparations treated with C-1305. However, with increasing time of drug treatment (up to 24 h) the number of mitotic cells clearly increased in wt mouse cells (Fig. 3) , and cells at different stages of mitosis were observed, including inappropriately dividing cells (Fig. 3, arrows) . This indicates that after transient accumulation in G 2 of drug-treated normal mouse cells at least part of the cell population progressed to mitosis. In striking contrast, C-1305 completely blocked cells lacking PARP-1 at the G 2 -M checkpoint.
In additional experiments, we assessed the cell cycle distribution of cells treated with C-1305 and postincubated in drug-free medium. Interestingly, normal mouse cells after postincubation for 24 h in drug-free medium entered the cell cycle, and ϳ50% of cells were in S phase, whereas the G 2 -M population was largely reduced. Moreover, a substantial fraction of drug-treated cells become aneuploid and tetraploid. In contrast, cells lacking PARP-1 were still blocked in (Fig. 7) . These results are consistent with the data of the cell proliferation assay and thymidine incorporation and explain the mechanism of the strong antiproliferative effect of C-1305 toward PARP-1 null cells. In contrast to the action of C-1305, exposure of cells to the related compound C-1533 resulted in cell cycle arrest in the G 1 phase of the cell cycle.
Selective Induction of Wt p53 Protein in Normal MEFs. It is well established that various types of DNA damage induce wt p53 that can mediate cell cycle arrest. Therefore, we examined the effect of triazoloacridone compounds on the expression of wt p53 in mouse cells.
As illustrated in Fig. 8 , C-1305 markedly increased the basal level of wt p53 protein in normal MEFs after treatment for 6 h. A similar effect was observed for two other topoisomerase II inhibitors. In contrast, the exposure of PARP-1 KO cells to C-1305, C-1533, and VP-16 did not induce p53 response for either short-time exposure (6 h) or prolonged drug treatment (24 h). Previous reports showed a direct relationship between the expression of p53 and DNA topoisomerase II␣ (25) , as well as the fact that the intrinsic level of topoisomerase II␣ and II␤ may be essential for the action of their inhibitors (26) . Therefore, we determined the basal expression levels of both topoisomerase II isoforms in nontreated normal and in PARP-1-deficient cells. Consistently with our earlier observations (15) , the inactivation of PARP-1 did not change the basal level of both topoisomerase II isoforms (Fig. 8) . Remarkably, the expression of topoisomerase II␣ did not change in the course of treatment with the triazoloacridones despite a marked increase of the p53 level in normal mouse cells (data not shown). Moreover, no differences in the expression of topoisomerase II␣ were observed between mutant and normal cells despite a strong up-regulation of p53 protein in the latter (data not shown). In the next step we examined the effect of the drugs on the activity of distinct cell cycle regulators. We focused our attention on regulatory complexes critical for the G 2 -M progression. Substantial differences in the activation of cyclin-dependent kinase (cdk)-2/cyclin A and cdc-2/cyclin B complexes occurred between normal and mutant cells (Fig. 9) . The activating phosphorylation of cdk-2 at Thr160 was barely induced by C-1305 at low concentration. At higher concentration of C-1305, a strong phosphorylation of cdk-2 at Thr160 occurred only in normal cells, but not in PARP-1 KO cells (Fig. 9 ). This coincided with the accumulation of cyclin A in normal cells (data not shown) indicating that higher concentrations of C-1305 induced accumulation of normal mouse cells in the S phase. This observation is consistent with a transient accumulation of drug-treated normal cells in the S-phase cells as determined by flow cytometry (Fig. 6) .
The examination of site-specific phosphorylation of cdc-2 kinase reflecting its activation in mitotic cells revealed substantial differences between normal and mutant cells. C-1305 strongly induced the phosphorylation of cdc-2 at Thr 161 in normal but not in mutant cells (Fig. 9) . Furthermore, the dephosphorylation of Thr14/Tyr15 of cdc-2, which is necessary for activation of cdc-2/cyclin B complexes, occurred only in C-1305-treated normal cells but not in mutant cells (Fig. 9) . This was consistent with the lack of activation of cdc25C phosphatase in mutant cells (data not shown). The increased phosphorylation of Thr 161 accompanied by dephosphorylation of Thr14/ Tyr15 was indicative that the population of normal mouse cells, which initially accumulated in G 2 after treatment with C-1305, progressed from G 2 to mitosis. These results combined with DNA histograms indicate that a fraction of drug-treated normal mouse cells passed the G 2 checkpoint and entered mitosis.
DISCUSSION
The aim of our study was to investigate the antiproliferative action of two related triazoloacridones, C-1305 and C-1533, toward nontransformed mouse fibroblasts differing in PARP-1 status. Previous studies have shown that PARP-1-depleted hamster cells (27) and PARP-1 null mouse fibroblasts (15) exhibited reduced susceptibility to classical topoisomerase II poisons such as etoposide (27) or doxorubicin (15) . Therefore, it was reasonable to explore the action of the newly developed topoisomerase II inhibitor C-1305 on cells lacking PARP-1. We examined the cytotoxicity of two triazoloacridone compounds, C-1305 and C-1533, as well as their effect on the cell cycle progression and compared it with the action of m-AMSA, a known classical topoisomerase II inhibitor. Despite a close similarity of the chemical structure between the two triazoloacridone compounds, C-1533 exhibited only weak cytotoxic and biological activity. In contrast, C-1305 showed a high cell growth-inhibitory potential and much more strongly affected proliferation of cells lacking PARP-1 than their normal counterparts. The IC 50 concentration of C-1305 determined for PARP-1 KO cells was ϳ150-fold lower than that determined for cells with functional PARP-1 enzyme. The antitumor and cytotoxic action of C-1305 on tumor cells was described previously (8, 9) . It has also been reported that C-1305 blocked the cell cycle progression and induced apoptosis in tumor cells (8, 9) ; however, the detailed mechanism of its action in tumor cells remains unknown. C-1305 has been shown recently to inhibit the catalytic activity of topoisomerase II.
One might propose at least three different mechanisms of this unusual sensitivity of PARP-1 mutant cells to C-1305, such as the effect of this drug on cell proliferation, direct cell killing, or induction of cell death by apoptosis. Two of these mechanisms could be excluded, because no activation of caspases 3/7 was detected after a 24-h exposure of mouse fibroblasts to increasing concentrations of C-1305, neither in culture medium nor in whole cell lysates. These results are consistent with the lack of hypodiploid cell population in DNA histograms obtained for cells treated with C-1305 for 24 h. Moreover, cells with apoptotic morphology were only occasionally detected in drug-treated cell populations. Secondly, both studied triazoloacridones exhibited very low direct cytotoxicity as evidenced by accumulation of vital dye 7-AAD. It became evident that trypsin, which was initially used for cell harvesting, affected much more strongly the integrity of plasma membrane than a 24-h exposure of cells to both triazoloacridone compounds. These results suggest that higher sensitivity of mutant cells could be attributable to the inhibition of cell proliferation but not to direct cytotoxicity or rapid induction of apoptosis.
It was also possible that higher sensitivity of PARP-1 mutant cells could result from the changed levels in topoisomerase II content in mutant cells. It has been reported previously that cells expressing lower intracellular levels of topoisomerase II are resistant to topoisomerase II inhibitors such as etoposide (26, 27) . We observed no changes in basal levels of both topoisomerase II␣ and ␤ in cells lacking PARP-1, and no major changes of topoisomerase II␣ expression occurred in the course of treatment with C-1305. This observation is consistent with our previous report (15) and excludes the possibility that elevated levels of topoisomerase II in mutant cells might sensitize them to the action of C-1305.
We then wanted to clarify whether the increased cytotoxicity of C-1305 could be attributed to high levels of DNA damage induced by this compound. To this end, we used the Comet assay, which is a sensitive method, for detection of DNA strand breaks induced by different DNA damaging agents or result from incomplete DNA excision repair. This assay can also be used to detect and quantify DNA damage induced by topoisomerase inhibitors and to monitor DNA fragmentation occurring during apoptosis (28) . Our results showed unequivocally that C-1305 generated only low levels of DNA strand breaks in all of the studied cell types, and even slightly higher DNA injury was observed in normal mouse cells, which are the most resistant to the drug. These results evidence that high susceptibility of mutant cells to antiproliferative action of C-1305 was not attributable to increased DNA damage or elevated apoptosis rate in these cells.
In the next step, we examined the effect of C-1305 on the cell cycle progression in normal and PARP-1 mutant cells. We found that this drug inhibited wt as well as mutant cells in G 2 -M phase in a dose-and time-dependent manner. However, the kinetics of the cell cycle arrest differed between normal and mutant cells. In normal cells the G 2 to S ratio increased by only 50% between 12 and 24 h of drug treatment, whereas in mutant cells this value increased 4 -8-fold. This indicates that the G 2 -M arrest was prolonged in PARP-1-deficient cells treated with C-1305. Interestingly, both studied triazoloacridones induced wt p53 in normal mouse fibroblasts. A similar effect was observed in human breast carcinoma MCF-7 cells.
5 P53 plays an important role in the regulation of the cell cycle, and the question appeared whether the antiproliferative action of triazoloacridones on the cell cycle, i.e., induction of G 2 -M arrest, is associated with up-regulation of p53 levels. Two lines of evidence seem to argue against this notion. First, C-1305 induced the G 2 -M arrest in both normal and in PARP-1 KO cells, despite the lack of detectable levels of p53 protein in two PARP-1 mutants. Secondly, C-1305 induced also the G 2 -M arrest in human leukemia HL-60 cells 5 in which the p53 gene is deleted. Furthermore, the expression of p53 protein was elevated in normal mouse cells by both studied triazoloacridones, but these agents affected different phases of the cell cycle, i.e., C-1305 blocked cells at the G 2 -M border and C-1533 led to cell growth arrest in G 1 phase. These observations suggest that p53 protein is not necessary for the induction of the G 2 -M arrest by C-1305. However, upon more detailed analysis we cannot exclude that the induced p53 was essential for fine regulation of the activity of distinct complexes mediating the transition from G 2 to mitosis, which would lead to re-entry of wt cells to the normal cell cycle. During G 2 arrest induced by C-1305, the cdc-2/ cyclin B complex was kept inactive only in PARP-1 KO cells by 5 Unpublished observations. phosphorylation on threonine 14 and tyrosine 15 of cdc-2, which is known to be catalyzed by Myt1 and Wee1 kinases, respectively. Normal mouse cells were capable of the progression into the mitosis, because both of these residues were dephosphorylated by the activated phosphatase cdc25C.
The question remains about the relationship among p53, PARP-1, and topoisomerase II inhibition in cells treated with C-1305. It is well documented that PARP-1 is involved in the regulation of the stability of wt p53 protein (29) , and reduced stability of wt p53 in PARP-1-deficient cells is associated with its enhanced nuclear export (30, 31) . Our detailed studies have shown recently that the COOH-terminal domain of p53, which harbors the nuclear export signal, is involved in the formation of p53-PARP-1 complex (30, 31) . It could be speculated that PARP-1 may mask the nuclear export signal of p53 protein, which could lead to the nuclear retention of p53 as a result of its decreased nuclear export and subsequent degradation. More importantly, the interaction between p53 and PARP-1 seems to be essential for the control of centrosome duplication (32) (33) (34) (35) . Results obtained by different groups showed that p53 protein and PARP-1 are localized to centrosomes (32, 33) , major microtubule organizing centers that play a pivotal role in the assembly of bipolar mitotic spindles. Other studies reported the important role of PARP-1 and poly(ADP-ribose)ylation in the regulation of centromere function (34, 35) . In unstressed cells, PARP-1 has been shown to interact with different centromere proteins, including centrosomal p53, the constitutive centromere proteins CENB-A and CENB-B, and the spindle checkpoint protein BUB3 (35) . Upon induction of DNA damage, these proteins become poly-(ADP-ribose)ylated (35) , and PARP-1 and PARP-1-mediated poly-(ADP-ribose)ylation of p53 and other specific centrosomal proteins seems to regulate the proper centrosome duplication. Therefore, loss of PARP-1 activity causes the uncoupling of the centrosome and DNA duplication, resulting in the centrosome hyperamplification. We observed accumulation of cells with aberrant mitoses in C-1305-treated cell populations, and this effect could be associated with dysfunctional centrosomes. Finally, recent studies have shown that PARP is able to reactivate stalled DNA topoisomerase I in covalent complexes, which are stabilized by topoisomerase I inhibitors (36) . Given that similar effect is induced for C-1305-specific DNA damage, which is associated with the inhibition of topoisomerase II by this drug, inactivation of PARP-1 would lead to greatly impaired repair of enzyme-associated DNA strand breaks and higher cytotoxic effect of C-1305 in cells with inactivated PARP-1. Additional studies are required to clarify which of these different mechanisms is responsible for the unusual oversensitivity of PARP-1 null cells to triazoloacridone C-1305.
Together, we show here that inactivation of PARP-1 renders mouse cells more sensitive to the action of a new topoisomerase II inhibitor, Fig. 9 . Changes in the expression and activity of cell cycle regulators in poly(ADP-ribose) polymerase-1 (PARP-1) knockout mouse cells exposed to C-1305. Whole cell lysates prepared from cells treated for 24 h with indicated drugs were resolved on 12% SDS-slab gels. The phosphorylation status of cyclin-dependent kinase (cdk)-2 and cdc-2 was examined using antibodies recognizing site-specific phosphorylation of the corresponding cdks. To visualize the total level of the corresponding cdks, the blots were sequentially incubated with antibodies, which recognize proteins irrespective of its phosphorylation status. Equal protein transfer and loading was confirmed by Ponceau S staining and additionally evidenced by examination of cellular level of actin using a monoclonal anti-actin antibody (Clone 4 from ICN). Human osteosarcoma Saos-2 cells treated with 1 mM hydroxyurea or 5 g/ml nocodazole for 24 h were used as positive controls for S-and G 2 -arrested cells, respectively. compound C-1305, compared with cells with functional PARP-1. This is in striking contrast to previous reports in which cells lacking PARP-1 were resistant to classical topoisomerase II inhibitors. Additionally, our data suggest that the PARP-1 status might be essential for the control of the duration of G 2 arrest induced by C-1305 and possibly other DNA damaging agents. On the basis of our study, one may propose that the combination of C-1305 with selective inhibitors of PARP-1 could greatly potentiate the cytotoxic and antitumor activity of this compound, and we are currently actively pursuing this issue in our laboratory.
